Lung epithelial cell apoptosis is an important feature of hyperoxia-induced lung injury. The death receptor-associated extrinsic pathway and mitochondria-associated intrinsic pathway both mediate the development of lung epithelial cell apoptosis. Despite decades of research, molecular mechanisms of hyperoxia-induced epithelial cell apoptosis remain incompletely understood. Here, we report a novel regulatory paradigm in response to hyperoxia-associated oxidative stress. Hyperoxia markedly upregulated microRNA (miR)-15a/16 levels in lung epithelial cells, bronchoalveolar lavage fluid (BALF) and lung tissue. This effect was mediated by hyperoxia-induced reactive oxygen species. Functionally, miR-15a/16 inhibitors induced caspase-3-mediated lung epithelial cell apoptosis, in the presence of hyperoxia. MiR-15a/16 inhibitors robustly enhanced FADD level and downregulated Bcl-2 expression. Consistently, cleaved caspase-8 and -9 were highly induced in the miR-15a/16-deficient cells, after hyperoxia. Using airway epithelial cell-specific, miR-15a/16 -/-mice, we found that Bcl-2 was significantly reduced in lung epithelial cells in vivo after hyperoxia. In contrast, caspase-3, caspase-8 and Bcl-2-associated death promoter (BAD) were highly elevated in the miR-15a/16 -/-epithelial cells in vivo. Interestingly, in lung epithelial malignant cells, rather than benign cells, deletion of miR-15a/16 prevented apoptosis. Furthermore, deletion of miR-15a/16 in macrophages also prohibited apoptosis, which is the opposite of what we have found in normal lung epithelial cells. Taken together, our data suggested that miR-15a/16 may exert differential roles in different cell types. MiR-15a/16 deficiency results in lung epithelial cell apoptosis in response to hyperoxia, via modulating both intrinsic and extrinsic apoptosis pathways.
in mice has been used for decades as a model of oxidative stress mimicking clinical ARDS (6) .
Hyperoxia yields reactive oxygen species (ROS) via mitochondria, including superoxide anion (O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (•OH) (7, 8) . ROS generation leads to the damage of lipids, proteins, enzymes and nucleic acids of cells and tissues (8, 9) and subsequently results in increased membrane permeability, inactivation of surfactant and inhibition of normal cellular enzyme processes.
Since the 1950s, the underlying mechanisms of HALI are thought to result from ROS, which is generated directly or indirectly from high oxygen content and immune response, respectively (8) (9) (10) (11) . One of the characteristic features prolonged exposure to toxic levels of oxygen causes fetal lung injury in animals (4, 5) . In humans, hyperoxia-induced lung injury (HALI) contributes to the development of multiple lung pathologies and also synergizes with ALI, which is caused by other factors, such as ventilatorassociated overstretching and transfusion/ infection-mediated pulmonary edema/ inflammation (4, 5) . Therefore, HALI
INTRODUCTION
Acute lung injury (ALI) and its severe form, acute respiratory distress syndrome (ARDS), are serious clinical entities with substantial mortality and morbidity (1) (2) (3) . Oxidative stress is often present in these situations, particularly in the setting of prolonged high-concentration oxygen (FIo 2 > 0.8) (1) (2) (3) . In the past few decades, accumulating evidence demonstrates that
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Hospital. Mice (8 wks old, male, weight: 19.7 ± 1.2 g) were placed in a Plexiglas chamber maintained at 100% O 2 (hyperoxia group) or in a chamber open to room air (RA; normoxic group).
Cell Culture
Beas2B cells (ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS). All cells were grown at 37°C in a humidified atmosphere of 5% CO 2 . For the hyperoxia group, cells were exposed to hyperoxia (95% oxygen with 5% CO 2 ) in modular exposure chambers as previously described (25) .
Beas2B cells were seeded in 6-cm dishes, grown to about 70% confluence and then used for cell transfection. For each dish, 1.5 μg of miRNA (negative control, miRNA mimic or miRNA inhibitor) was added to siRNA Transfection Medium. Ten microliters of INTERFERin (Polyplus) was added to the siRNA duplexes per the manufacturer's protocol. After 12 h, cells were exposed to hyperoxia or RA for another 24 h according to the experimental protocol.
aEC Isolation
Primary mouse lung epithelial cells were isolated as previously described (25) . Briefly, antibody-coated plates were prepared 1 d before isolation: including 5 mL of PBS, 82 μL of anti-CD45 antibody (BD Biosciences #553076) and 32 μL of anti-CD16/32 antibody (BD Biosciences #553142). A 10-cm cell culture dish was used for each mouse. These plates were incubated at 4°C for 24 h. Mice were euthanized, and their thoracic cages were exposed. Lungs were perfused with cold PBS via the right ventricle (RV) of the heart until free of blood, followed by 2 mL of dispase (Stem Cell Technologies), which was instilled rapidly. Lung primary cells were isolated in the culture hood. Cell mix was filtered using 100-, 40-and 20-μm cell strainers sequentially. Cells were then centrifuged at 300 g for 10 min at 4°C. After centrifugation, the cells were resuspended in 5 mL of DMEM (437.5 mL miR-15a, 15b, 16-1, 16-2, 195 and 497 (21-23) . In humans, miR-15a and miR-16 are clustered within 0.5 kb at chromosome 13q14 (21) (22) (23) and are commonly deleted together during the generation of knockout mice. Bcl-2 has been reported as one of the targets of miR-15a/16. So far, miR-15a and 16 have been thought to be involved in tumor biology, particularly in chronic lymphocytic leukemia (21) (22) (23) . To the best of our knowledge, this is the first report to link miR-15a/16 to the regulation of lung epithelial cell death. Our research sheds light on the pathogenesis of hyperoxia-induced cell death and lung injury.
MaTERIaLS aND METHODS

Reagents and Chemicals
N-Acetyl cysteine (NAC), H 2 O 2 , MISSION Synthetic human negative control miRNA (NCSTUD001), human hsamiR-15a-5p inhibitor (HSTUD0256), human hsa-miR-16-5p inhibitor (HSTUD0260), human hsa-miR-15a mimic (HMI0256) and human hsa-miR-16 mimic (HMI0262) were purchased from Sigma-Aldrich. All antibodies for Western blot analysis were purchased from Cell Signaling Technology. (18) (19) (20) . Despite decades of extensive research, ROS is still thought of as the main culprit for hyperoxia/oxidative stress-induced lung epithelial cell death. In this report, we investigated a novel paradigm in the pathogenesis of hyperoxia-induced lung epithelial death. We found that microRNAs (miRNAs, abbreviated miR) induced by hyperoxia-derived ROS modulated multiple pathways involved in apoptosis in lung epithelial cells. Here we focus on exploring the effects of miR-15a/16 on hyperoxia-induced lung epithelial cell death.
MiR-15a and 16 both belong to the miR-15 miRNA precursor family (21) (22) (23) . MiRNAs refer to small noncoding RNA genes that play crucial roles in regulating gene expression. The miR-15 miRNA precursor family includes the related red counterstain, per the manufacturer's protocol.
Cell Viability assay
The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to assess the cell viability. The cells were seeded in 96-well plates. When grown to about 70% confluence, they were transfected by miR-15a/16 inhibitors or negative control miRNA and then administered by RA or hyperoxia. At the time point we set, 100 μL of the CellTiter-Glo reagent was added directly into each well for 10-min incubation. The plates were read by GloMax 96 microplate luminometer (Promega).
Caspase activity assay
Cells were seeded into 96-well plates at a density of 8,000 cells/well. Blank reaction wells (Caspase-Glo 3/7 reagent, cell culture medium without cells), negative control cells (Caspase-Glo 3/7 reagent, cells without any treatment) and assayed cells (treated with inhibitors or from primary cell) were set up. The Caspase-Glo 3/7 Assay was purchased from Promega, and assays were performed according to the manufacturer's protocol. Briefly, 100 μL of Caspase-Glo 3/7 reagent was added to each well of a white-walled 96-well plate containing 100 μL of blank, negative control cells or treated cells in culture medium, respectively. After gentle mix and incubation at room temperature for 45 min, the luminescence of each sample as relative light units was obtained using a plate-reading luminometer.
Statistical analysis
All data were presented as mean ± standard deviation, and all experiments were repeated at least three times. Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software). The Student t test and one-way analysis of variance with Tukey method were applied for analysis. P values of <0.05 were considered significant.
All supplementary materials are available online at www.molmed.org.
fluoride (PVDF) membranes. The PVDF membrane was blocked with 5% nonfat milk and incubated overnight at 4°C with 1:1000 monoclonal antibodies. Then, the PVDF membrane was incubated with a horseradish peroxidase-linked secondary antibody (1:2000) for 1 h at room temperature. Immunoreactive bands were visualized using luminol reagent.
Immunohistochemistry
Bcl-2 antibody (sc-492) was obtained from Santa Cruz. Caspase-3 antibody (ab4501) was from Abcam. Caspase-8 antibody (9496) was from Cell Signaling Technology. The VECTASTAIN ELITE ABC Kit and Peroxidase Substrate Solution Kit (DAB) were purchased from Vector Laboratories. Tissue sections were deparaffinized and hydrated through xylenes and graded alcohol series, followed by incubation with primary antibodies, washing and dilution with biotinylated secondary antibody solution. Sections were developed with VECTASTAIN ABC reagent, per the manufacturer's protocol.
Measurement of Cell apoptosis Using Flow Cytometry
Annexin V-FITC Plus Assay (BioVision) was used to analyze cell apoptosis. Beas2B cells were harvested and resuspended in PBS with Annexin V-FITC and SYTOX Green dye. After 10-min incubation, cell apoptosis was analyzed using BD FACS Canto II and FlowJo software (Ashland).
Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling assays
Beas2B cells were cultured on sterile glass coverslips. Next, cells were transfected with miRNA inhibitors, followed by hyperoxia exposure. TACS⋅XL-Blue Label In Situ Apoptosis Detection Kit (Trevigen) was used for cell apoptosis detection. Cells were examined under a microscope. Cells with DNA fragmentation were stained in an intense blue color, while normal cells were in pale DMEM + 12.5 mL 1 mol/L HEPES + 50 mL FBS) and transferred to the antibody-coated plate. After incubation, cells were gently rinsed off the plate and centrifuged at 300 g for 10 min at 4°C. The supernatant was discarded, and cells were resuspended in 7 mL of DMEM. The cell suspension was inoculated into a noncoated culture plate for 4 h in a cell culture incubator. After incubation, all the cells were collected, rinsed and centrifuged at 300 g for 10 min at 4°C. Cells were then transferred to 6-mm cell culture dish and cultured in DMEM. After 60 h, the cells were used for further experiments.
Real-Time Polymerase Chain Reaction
Total RNA was extracted using miRNeasy Mini Kit (Qiagen). Complementary DNA was synthesized using 2 μg of total RNA per sample with ABI mRNA Reverse Transcription Kit (Applied Biosystems), according to the manufacturer's protocol. The primers (TaqMan Gene Expression Assays) were bought from Applied Biosystems (miR-15a: mm04238182_S1, Hs04231417_S1; miR-16: mm04238183_S1, Hs04231418_S1; HPRT: mm00446968_m1, Hs99999909_ m1; ATG5: Hs00169468_m1; ATG7: Hs00197348_m1; ATG12: Hs00740818_ m1; GAPDH: Hs03929097_g1). Quantitative real-time polymerase chain reaction (PCR) was performed in triplicate for each sample using the TaqMan ProbeBased Gene Expression Analysis on a 7300 Real-Time PCR System (Applied Biosystems) at the recommended thermal cycling settings: one initial cycle at 95°C for 10 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s.
Western Blot analysis
Cells were harvested after washing twice with cold PBS and then suspended in radioimmunoprecipitation assay buffer with protease inhibitors (Roche) and phosphatase inhibitor (Roche). Equal amounts of proteins were subjected to sodium dodecyl sulfide-polyacrylamide gel electrophoresis and transferred to polyvinylidene deficiency downregulated Bcl-2 and upregulated cleaved caspase-9 in Beas2B cells ( Figure 4C, D) . This observation indicated that the intrinsic apoptotic pathways were also involved in the miR15a/16 deficiency-related apoptosis. Bik and p-Bad, pro-apoptosis proteins, were elevated after miR-15a/16 inhibition (Supplementary Figure S1C) . Figure S1) .
We next confirmed the effects of miR-15a/16 deficiency on lung epithelial cell apoptosis using Cre-CC10-miR15a/16
-/-mice in vivo. After exposure to hyperoxia (3 d), immunohistochemistry (IHC) was performed using the lung sections obtained from these mice. Caspase-3, caspase-8 and BAD were highly elevated in the miR-15a/16 -/-epithelial cells in vivo ( Figure 5B, C, D) . In contrast, Bcl-2 was decreased ( Figure 5A ). We next isolated the primary lung epithelial cells from the Cre-CC10-miR-15a/16 -/-mice.
Cells from the Cre-CC10-miR-15a/16 -/-mice had lower survival compared with the control cells (Supplementary Figure S5) . These data were consistent with our observations using miR-15a/16 inhibitors in Beas2B cells. Hyperoxia also induced miR-15a/16 generation in macrophages and A549 (Supplementary Figures S2A and S3A) . To determine the effects of miR-15a/16 deficiency on macrophage and tumor cell apoptosis, we isolated bone marrow-derived macrophages from the mononuclear cell-specific CremiR-15a/16 -/-mice. As shown in Supplementary Figure S2B , unlike the situation in epithelial cells, deletion of miR-15a/16 resulted in higher survival. Furthermore, miR-15a/16 inhibitors increased survival in A549 cells, while the miR-15a/16 mimics decreased survival. This observation was opposite of the effects of miR-15a/16 in normal lung epithelial cells. These data were consistent Beas2B cells with inhibitor control, miR-15a or 16 inhibitors, followed by RA or hyperoxia exposure. Given that in the presence of hyperoxia, the endogenous miR-15a/16 level had significantly increased rather than decreased (Figure 1) , we chose to use the "loss of function" approach by suppressing miR-15a/16 using inhibitors or knockouts, rather than overexpressing it using mimics. We found that miR-15a or 16 inhibitors promoted apoptosis in Beas2B cells, in the presence of hyperoxia (Figure 2A, B) . To further confirm our observations, we generated airway epithelial cell-specific miR-15a/16-deficient mice, Cre-CC10-miR-15a/16 -/-mice. We next isolated the primary lung epithelial cells from Cre-CC10-miR-15a/16 -/-mice and cultured them as previously described (25) .
After exposure to hyperoxia, primary epithelial cells isolated from miR-15a/16
-/-mice showed higher apoptosis compared with the epithelial cells isolated from control mice ( Figure 2C ).
MiR-15a/16 Inhibitors Promote apoptosis in Lung Epithelial Cells via Both Intrinsic and Extrinsic Pathways
In epithelial cells, both intrinsic and extrinsic apoptotic pathways have been reported in the presence of hyperoxia (18) (19) (20) 30, 31) . To further confirm the above observations and delineate the underlying mechanisms, we determined the effects of miR-15a/16 deficiency on the regulatory proteins involved in these apoptotic pathways. Caspase-3 is the ultimate checkpoint at the common apoptotic pathway, where both intrinsic and extrinsic pathways convene (18) (19) (20) . We found that miR-15a or 16 inhibitors increased caspase-3 activity significantly ( Figure 3A) . Consistently, higher levels of caspase-3 were also detected in Beas2B cells that were transfected with miR-15a/16 inhibitors ( Figure 3B ). The cleaved caspase-8 and FADD were robustly increased after hyperoxia in these miR-15a/16-deficient Beas2B cells ( Figure 4A, B) , suggesting that extrinsic pathways were involved in this process ( Figure 4A, B) . Furthermore, miR-15a/16
RESULTS
Hyperoxia Rapidly Induces miR15a/16 Generation in Lung Epithelial Cells, and This Effect Is ROS Dependent
Initially, we found that miR-15a and 16 were highly induced by hyperoxia in Beas2B human lung epithelial cells ( Figure 1A) . Upregulation of miR-15a and 16 peaked approximately 12 h after exposure to hyperoxia ( Figure 1A ). This observation prompted us to investigate whether hyperoxia also induces miR-15a and 16 in vivo. C57BL/6 mice were exposed to hyperoxia (100%) as previously described (25) . Consistently, hyperoxia induced miR-15a and 16 expression in mouse lung tissue in a time-dependent manner ( Figure 1B) . We next evaluated miR-15a/16 levels in BALF. As shown in Figure 1C , hyperoxia upregulated the release of miR-15a/16 in BALF. To determine whether hyperoxia induced miR-15a/16 via ROS, we treated Beas2B epithelial cells with H 2 O 2 , a known ROS donor. Multiple previous reports have established the concepts that H 2 O 2 is a strong inducer of ROS production in the lung epithelial cell systems that we are using (26) . Robust induction of miR15a/16 was identified in Beas2B cells ( Figure 1D ). H 2 O 2 is an established ROS generator (27) . However, as a strong ROS generator, it can cause significant cell death and commonly only short-term exposure is used (28; Supplementary  Figure S4 ). Promisingly, with only 4-h exposure, H 2 O 2 had already induced miR-15a/16 significantly ( Figure 1E) . Moreover, induction of miR-15a/16 by hyperoxia was blunted when Beas2B cells were pretreated with the ROS scavenger, NAC ( Figure 1F ). NAC is a well-known suppressor of ROS generation in lung epithelial cells (29) . These results indicate that hyperoxia induces miR-15a/16 expression in lung epithelial cells via ROS generation.
MiR-15a/16 Inhibitors Promote Hyperoxia-Induced apoptosis in Lung Epithelial Cells
To examine the functional roles of miR-15a and 16, we transfected the rather than an additive effect, had been demonstrated. Hyperoxia-associated oxidative stress rapidly upregulated miR-15a/16 levels in airway epithelial cells, lung tissue and BALF (Figure 1 ). This transient upregulation of miR-15a/16 in nontumor epithelial cells subsided with prolonged exposure to hyperoxia (Figure 1) . The abruptly elevated miR-15a/16 may reflect an innate response in attempting to salvage the cells from undergoing apoptosis. As shown in our data, miR-15a/16 inhibitors led to propagated apoptosis via modulation of both the intrinsic and extrinsic apoptotic pathways ( Figure 6 ). Similarly, miR-15a/16 has been reported Based on our previous observations, miR-15a/16 is not only highly expressed in the lungs, but also can be found in circulating serum (34) . Therefore, we chose miR-15a/16, a potential candidate for biomarker development, to further explore its biological functions. Our studies showed that miR-15a/16 inhibitors promoted lung epithelial cell apoptosis in response to hyperoxic stress, a common factor involved in the development of ALI. We have noted that the inhibition of miR-15a or 16 indeed caused a certain degree of apoptosis in both RA and hyperoxic conditions. However, as shown in Figure C , when using the miR-15a/16 dual-knockout cells, a synergistic effect, with previous reports using immunomodulatory cells or tumor cells (32, 33) 
DISCUSSION
MiRNAs have emerged as important regulators of essential cellular processes, such as cell death, growth and survival (21) (22) (23) 32, 33) . Expression of tissuespecific miRNAs in response to stress stimuli often directly regulates the genes that determine the ultimate fate of these tissue cells (21) (22) (23) 32, 33) . This observation has been repeatedly reported in cancer research. However, roles of miRNAs in the death and survival of normal lung epithelial cells in response to oxidative stress remain unclear. (21) (22) (23) . Interestingly, in contrast to our observations in normal quantitative method to determine the extent to which these individual pathways are contributing to apoptosis.
MiR-15a and 16 belong to the miR-15 miRNA precursor family (21) (22) (23) 32, 33) . The miR-15 miRNA precursor family to modulate both the intrinsic and extrinsic apoptosis pathways (35, 36) . Based on our previous work, both intrinsic and extrinsic pathways are involved in the final fate of lung epithelial cells (11) . However, there has not been a cell cycle-associated genes (21) (22) (23) 32, 33) . Previous reports have also demonstrated that the miR-15a/16-1 miRNA cluster functions as a tumor suppressor, targeting Bcl-2 protein in prostate tumor cells (21) (22) (23) 32, 33) . Inhibition of cell proliferation by miR-15a/16-1 has been reported to occur in both lymphoid and nonlymphoid tissue (21-23,32,33,37,38) , Wang et al. (40) further demonstrated the miR15a level is increased and it induces cell death in an ischemia reperfusion model (39, 41) . Our current studies revealed a differential effect of miR-15a/16 on apoptosis in nontumor lung epithelial cells. Our data suggest that miR-15a/16 in fact may function as a homeostatic factor, which balances cell death and survival, depending on the specific cell types and conditions.
Like all other miRNAs, miR-15a/16 has a broad range of cellular targets. Our results further demonstrated that miR-15a/16 differentially regulated a target gene based on the specific stimulation. For example, deletion of miR15a/16 upregulates Bcl-2 in tumor cells (22, 23) . In our studies using nontumor epithelial cells, miR-15a/16 inhibitors negatively regulate Bcl-2, but positively regulate FADD and caspases after hyperoxia ( Figures 3, 4, 5 ). All these differential results of miR-15a/16 function further indicate that miR-15a/16 exerts differential cellular functions in different cell types, upon receiving specific stimuli.
We found that miR-15a/16 can be secreted from cells and detected in serum (34) . Although hyperoxia induced miR-15a/16 expression, using transfected mimics or inhibitors, we only explored the in vitro functions of miR-15a/16. Therefore, this work probably reflects more on the functions of intracellular miR-15a/16. After hyperoxia, the miR-15a/16 released from cells potentially had no effects on the fate of Beas2B cells themselves. We speculate that the Beas2B-secreted miR-15a/16 has potential vital functions on the adjacent cells in the microenvironment of lung parenchyma. However, this requires further investigation.
Consistently, previous reports have showed that deletion of miR-15a/16-1 accelerates the proliferation of both human and mouse B cells via regulating lung epithelial cells, miR-15a/16 deficiency promoted cell survival in lung tumor cells and macrophages ( Supplementary Figures S2 and S3 ). MiR-15a/16 also targets cell cycle regulators. Inhibition of miR-15 expression enhances cyclin E1 mRNA and protein levels (41) . Inhibition of both miR-15 and 16 expression augments G 1 /S transition, while overexpression of miR-15 reduces cyclin E protein levels and inhibits the G 1 /S transition (42). Our future work will explore the effects of miR-15a/16 on cell cycle regulators after hyperoxia and further characterize the roles of miR-15a/16 in lung epithelial cell homeostasis in response to oxidative stress. Additionally, future studies are needed to address the functions of both intracellular and extracellular miR-15a/16 in the pathogenesis of lung diseases.
CONCLUSION
Our studies illustrated that miR-15a/16 targeted the regulatory proteins, which involved both intrinsic and extrinsic 
